Lymphocystis virus has been classified with the icosahedral cytoplasmic deoxyriboviruses (ICDVs) but a detailed structure of the virion has not yet been established. Virus from tumours of European plaice and flounders was allowed to decay and this revealed details of its structure. Freshly prepared virus has a hexagonal outline which breaks down to reveal surface subunits 4"5 nm in diam. and a spheroidal core with tubular material 13 nm in diam. inside it. This tubular material appears to have a periodicity suggesting a helical conformation and may be a deoxyribonucleoprotein. No triangular or pentagonal facets, as found with some other ICDVs, were seen. A possible construction of the virus is proposed.
INTRODUCTION
Lymphocystis is a disease of a wide variety of teleost fish of which the aetiological agent is a virus classified with the icosahedral cytoplasmic deoxyriboviruses (ICDV; Kelly & Robertson, I973) . The virus is plausibly icosahedral as it appears hexagonal in section and it is found only in the cytoplasm of enlarged cells in which inclusion bodies give staining reactions characteristic of DNA (Walker, I965; Pritchard & Malsberger, I968) . The ultrastructure of lymphocystis virus has been studied in several laboratories and evidence from ultrathin sections has shown that the morphology of the virion is essentially the same in material from different host species although particle sizes vary (Walker, I962; Walker & Wolf, I962; Walker & Weissenberg, 1965; Midlige & Malsberger, I968; Zwillenberg & Wolf, I968; Howse & Christmas, 1971 ) . Particles seen in section showed the same features of a densely staining outer layer, an intermediate space and a densely staining core. Negatively stained virus has been examined by a number of workers (Midlige & Malsberger, I968; Zwillenberg & Wolf, I968) but little detail could be resolved. This contrasts with the detailed structure observed in some other ICDVs (Wrigley, I969, I97o; Stoltz, I973) .
On the basis of structural studies on insect ICDVs, Stoltz (1973) proposed a theoretical model for ICDV capsid structure. However, there has been insufficient evidence hitherto to decide whether lymphocystis virus has a similar structure. We report new electron microscopic observations on the structure of lymphocystis virus which suggest that the structure may be different and incompatible with Stoltz's model. The observations we report were made independently in each laboratory. Preparation of material for electron microscopy For negative staining. Pieces of tumour were excised from infected fish and prepared for microscopy either by the cell-spreading technique of Parsons (t963) or ground up using either a Griffith's grinder or a ten Broek homogenizer with a small amount of distilled water. The resultant slurry was clarified by allowing the larger particles to settle under gravity. The supernatant was then examined directly by negative contrast or was centrifuged at Iooooog for ~ h. Following centrifugation the pellet was resuspended in z drops of distilled water containing o. 1% (w/v) bacitracin as a wetting agent. Equal volumes of this material and negative stain were mixed, applied to a carbon Formvar-coated 4o0 mesh copper grid and allowed to dry.
The negative stains used were 1% sodium phosphotungstate pH 6"5, 2 to 3 % potassium silicotungstate pH 7"o, z % uranyl acetate pH 4"5 or 3 ~o ammonium molybdate pH 9.
For thin section. Blocks of I mm 3 were cut from tumours and processed using the rapid embedding method of Doane et al. 0974) . Sections were cut using an LKB II ultramicrotome, mounted on Formvar-coated zoo mesh grids and stained with Reynolds' 1% lead citrate and aqueous I ~o uranyl acetate.
Electron microscopy. Specimens were examined in a Philips EM 3o0 or 3ol microscope using an accelerating voltage or 80 or Ioo kV.
Shadowing. The preparations used were crude extracts so that conventional metal shadowing would have made it impossible to distinguish virus particles from surrounding debris. Accordingly, preparations already negatively stained were shadowed lightly with carbon evaporated at an angle of 20 ° in an Edwards 3o6 coating unit.
Degradation of virus. Crude extracts of tumours were subjected to the following treatments: (a) Storage at 4 °C without further treatment. (b) Treatment with nasal decongestants according to the method of Wrigley (I969) before and after storage at 4 °C. The decongestants used were: 'Afrin' (Behring Corp. U.S.A., the gift of Essex Chemie AG, Switzerland); 'Hazol' (Allan & Hanburys, London Ee, England). Both contain oxymetazoline hydrochloride, but 'Afrin' also contains phenylmercuric chloride and benzalkonium chloride as preservatives.
Microscope calibration. The Philips 3oi was calibrated at the magnification used to take photographs using the ~7"z nm lattice of glutaraldehyde-fixed beef liver catalase (Wrigley, 968) . This was kindly supplied by Dr D. L. Misell, National Institute for Medical Research, Mill Hill, London, U.K. Repeat calibrations over 2 years showed variations of less than z %, though the actual figure was I I ~o less than that given by the manufacturer. Tumour material from flounders and plaice showed typical lymphocystis particles by thin section electron microscopy ( Fig. I) . The appearances were indistinguishable from those described by other workers, with an outer electron-dense layer r4 to I9 nm thick giving a hexagonal outline. Inside this was an electron translucent layer surrounding a darkly staining circular core I5o to z3o nm in diam. The virus particles were I75 to z6o nm across the flats of the hexagon and 2oo to 3o0 nm between the vertices.
By negative contrast the virus particles were less easy to distinguish from the background debris and this difficulty increased with storage as the virions collapsed and lost their hexagonal outline. However, this decay allowed details of the virus structure to become visible and our observations will be reported under different headings.
General morphology
In freshly prepared tumour material virus particles had a hexagonal outline which, with silicotungstate as the negative stain, appeared to have two electron translucent layers (Fig. 2) . Each layer was approx. 4 nm thick and they were separated by an electron-dense layer 4"5 nm thick. The layers appeared to be homogeneous with no visible substructure. However if uranyl acetate, pH 4"5, or ammonium molybdate, pH 9, were used, only one thick featureless layer 20 nm thick was seen (Fig. 3) and this corresponds closely with the appearance in thin section when uranyl acetate was also used. With fresh virus it was also necessary to use a higher accelerating voltage (IOO kV) to obtain enough penetration to see internal details. With more decayed material this was no longer necessary.
With storage at 4 °C the hexagonal outline was lost and became irregular (Fig. 4) though it was still possible to distinguish particles from other debris. This collapse could be accelerated by centrifugation at IOOOOOg on to the bottom of a tube in a swing-out rotor and mitigated by centrifugation on to a pad of 40% sucrose (w/v in water; C. R. Madeley & P. H. Russell, unpublished observations).
Surface structure
Freshly extracted virions showed a surface outline devoid of clearly identifiable subunits. Following storage at 4 °C and the loss of the hexagonal outline, it became possible to distinguish surface details. Round the periphery knob-like subunits in the outermost layer became visible ( Fig. 5 and 6 ). These were only observed with clarity in profile at the periphery and were not seen over the remainder of the surface. They were about 4"5 nm in diam. and appeared to be connected to the rest of the virion by a narrow stalk. Treatment with the nasal decongestants did not have any visible effect and no surface detail similar to that found with other ICDVs by Wrigley (2969; I97o) was seen. Similarly, no triangular facets similar to those reported by Wrigley 097o) with Tipula iridescent virus (TIV) and Sericesthis iridescent virus were seen as the virions decayed. Such facets were, however, readily seen in a sample of TIV (kindly provided by Dr D. C. Kelly) allowed to deteriorate under similar conditions (Fig. 7) .
Cores
Thin sections showed an electron-dense core 250 to 23o nm in diam. (Fig. 2) . By negative contrast no definite core could be identified in intact particles, though those stained with uranyl acetate showed some similarities to those seen in thin section. Collapsed particles, on the other hand, showed a central mass which cast an elliptical shadow with carbon at 2o °C (Fig. 8 ). This technique, though simple in theory, has proved uncertain in practice and only occasional preparations revealed good shadowing and no pictures of shadowed intact particles were obtained. One preparation of virus from a flounder tumour contained large numbers of what appeared to be naked cores (Fig. 9) . At 15o nm, they were consistent in size with other evidence. They had a roughly circular or polygonal shape but no internal or surface detail was visible.
Tubular material
Following storage of virus at 4 °C and the breakdown o f virus particles, a tubular component was seen regularly. It was not seen in fresh preparations but was observed within the outline of broken particles (Fig. IO to I2 ). The structure was I3 nm in diam. and was variable in length. It appeared to be hollow with a central canal 4 nm in diam. into which stain penetrated. Occasionally a periodicity in the walls was detected (Fig. 12, arrowed) suggesting a possible helical construction.
In addition to this internal structure, other filaments were seen. They were found outside virus particles though adjacent to them (Fig. 5 and I3 ). They were 13 nm in diam. and some had terminal blebs (Fig. 13) . They resembled the internal component only~super -ficially, and no substructure was seen. The ends, as seen here, were often rounded.
N o filaments similar to those described by Zwillenberg & Wolf (1968) were seen in Fig. Ia. Filaments inside a decayed particle with a periodic substructure (arrowed) suggesting a helical structure. The interval between turns is difficult to estimate and since it is not commonly seen this appearance may be due to loosening of inter-turn bonds. Stain used was I ~oo sodium phosphotungstate, pH 6"5. Decayed virus: (t) outer electron translucent layer and middle stain-penetrated layer becoming resolved into knob-like subunits 4"5 nm in diam. as they either lose an intervening 'cement' or become less closely packed. They appear to be joined to the inner electron translucent layer (2) by a narrow stalk; (3) outer boundary of core, becoming ragged as it breaks down; (4) internal tubular structure which may be helical in structure, 13 nm in diam. and with a 4 nm central canal.
lymphocystis from bluegills. Extracts of the formalin-fixed bluegill material showed numerous virus particles but they did not break up and neither internal nor external filaments were seen.
DISCUSSION
Lymphocystis virus is one of the largest viruses, although estimates of its size vary considerably (Kelly & Robertson, I973) . It has been presumed to be icosahedral in form though this has yet to be proved conclusively. In thin section and freshly prepared negatively stained preparations it appears hexagonal in outline and this would be consistent with an icosahedral form. The reported variation in size may mean that not all isolates are identical and our observations can only refer to virus from European plaice and flounder. Virus from these sources have been shown by Russell (I974) to be related serologically. We found no morphological differences between virions taken from the two species.
The gross morphology of the virus in fresh preparations resembled that of other ICVDs but the structural details seen when the virus broke down suggest that the construction of c.R. MADELEY, D. A. SMALL AND S. 1. EGGLESTONE lymphocystis is quite different. As the hexagonal outline was lost, no triangular or pentagonal facets were released and the virions merely became amorphous. Decay could be accelerated by hard centrifugation, an unusual example of centrifugation causing visible damage to virus particles. The periphery of virus stained with silicotungstate usually appeared as a double layer with a total thickness of I2 to I3 nm. With uranyl acetate only a single layer was seen, 2o nm thick. This salt is used as a positive stain with thin sections and it is possible that it was acting both as a positive and a negative stain. Variations in hydration will also affect staining reactions and a similar effect has also been observed with the surface threads ofvaccinia virus (Madeley, J972) .
Surface subunits were observed in Sericesthis iridescent virus (SIV) and Tipula iridescent virus (TIV) by Wrigley (I969, ~97o) and their visibility was enhanced by treatment with 'Afrin'. We did not observe similar units on lymphocystis virus (LV), with or without prior treatment with decongestants including 'Afrin'. Surface knobs did become visible on collapsed LV though only at the periphery and not over the surface. Thus no conclusions as to their arrangement on the surface of the virion are possible, but at 4"5 nm they were appreciably smaller than those on SIV or TIV. Their appearance only with the loosening of the surface structure suggests either that they are normally too closely packed for individual subunits to be resolved or that collapse is associated with the loss of some form of 'cement'. We have no evidence that either of these explanations is correct.
Both thin section and negative staining techniques gave evidence of a core beneath the outer layer(s). This appeared to be roughly circular in outline in thin section and in negative staining when separated from the outer surface. Successfully shadowed, it appeared to be hemispherical when seen in the centre of a collapsed virion. Whether it is essentially spherical or conforms to the outer layer in complete intact virions is not known.
Tubular material ~3 nm in diam. with a central 4 nm canal was seen inside decayed cores and appeared to be part of the virion, though no evidence of such an internal component has been seen in thin sections through the virus. It was usually seen as several short straight fragments and we do not know if it is present as one or several pieces inside an intact virion. With some evidence of periodicity suggesting a helical structure, it is tempting to believe that this is a deoxyribonucleoprotein. There is no evidence at present to confirm this though where similar structures have been found in RNA-containing viruses they have always contained the nucleic acid. The I3 nm filaments found outside the virus particles, and seen in Fig. 5 and I3, bore a superficial resemblance to this tubular internal component. Though visualized more clearly because they lay outside the virus particles, no substructure was seen, and their terminal blebs and rounded ends distinguish them from the internal component. They are probably separate structures and we cannot say if they form part of the virion.
We have attempted (see Fig. I4 ) to synthesize our findings into a suggested structure for this virus. It fits our observations but will need to be confirmed by additional work; in particular, it would have been useful to be able to grow the virus in cell culture. Attempts to do so in marine fish cells (D. A. Smail and S. I. Egglestone, unpublished data) have not been successful.
